An enzyme-linked immunosorbent assay was developed which allowed the measurement of rabbit immunoglobulin G antibodies directed to Salmonella minnesota Re glycolipid. Efficient adsorption of the antigen to polystyrene could only be effected provided it had been previously dialyzed against 0.2 M EDTA (pH 7.0) and subsequently treated with 0.2% sodium deoxycholate (15 min at 56°C) in 0.05 M diethanolamine buffer (pH 9.6). Antisera. Chinchilla rabbits weighing approximately 2.5 to 3.0 kg were used for immunization. The animals were injected intravenously with boiled S. minnesota Re suspensions according to the immunization schedule of Young and Stevens (18), without Freund complete adjuvant. The rabbits received a total of 10 injections spaced 5 to 7 days apart. The sera were separated by centrifugation and stored frozen at -250C.
The enzyme-linked immunosorbent assay (ELISA) has gained widespread application in bacteriology owing to the detailed and thorough studies of Carlsson and Lindberg (5) . These authors were able to show that the ELISA was more specific and sensitive than currently applied serological methods.
Recent studies by Braude et al. (2) and McCabe (12) drew attention to the important role of antibodies directed to R mutants of gram- negative bacteria in conferring protection against gram-negative bacteremia in animals. Encouraged by these findings, Braude et al. (3) initiated extensive clinical trials which enabled them to conclusively demonstrate that human antisera raised against an epimeraseless J5 (Rc) mutant of Escherichia coli 0111 was highly effective in protecting patients with gram-negative bacteremia from endotoxin shock and death. The established relationship between the level of antibodies produced against shared antigenic determinants of gram-negative bacteria and the favorable outcome of acute bacillary infections posed the urgent problem of finding more improved methods of antibody assay. In this connection, Bruins et al. (4) presented evidence to show the obvious advantages of ELISA over passive hemagglutination in the evaluation of the immune response to an Re mutant of Salmonella minnesota.
The present study was undertaken to shed light upon the feasibility of ELISA for quantitation of immunoglobulin G (IgG) antibodies to a Re mutant of S. minnesota by using peroxidaselabeled anti-immunoglobulin conjugate.
MATERIALS AND METHODS
Antigens. S. minnesota Re mutant 595 was kindly provided by 0. Luderitz, Institute of Immunobiology, Freiburg, West Germany. The bacterium was cultivated essentially as described by Gmeiner et al. (9) . The cells were washed with acetone and ether and dried. The lipopolysaccharide, the so-called DE-GL, was extracted from the acetone-dried cells by the chloroform-methanol procedure of Chen et al. (6) .
Antisera. Chinchilla rabbits weighing approximately 2.5 to 3.0 kg were used for immunization. The animals were injected intravenously with boiled S. minnesota Re suspensions according to the immunization schedule of Young and Stevens (18) , without Freund complete adjuvant. The rabbits received a total of 10 injections spaced 5 to 7 days apart. The sera were separated by centrifugation and stored frozen at -250C.
Indirect hemagglutination. The titer of glycolipid antibodies was measured by hemagglutination of erythrocytes coated with alkali-treated glycolipid (11) .
Quantitative precipitation. The quantity of Re antibodies was determined as described previously (7) . Briefly, the glycolipid was dialyzed against 0.2 M EDTA (pH 7.0) for 3 days at 4°C, dialyzed against double-distilled water in the cold, lyophilized. To 0.25 ml of S. minnesota Re antiserum were added increasing amounts of the antigen. The volume was brought up to 0.5 ml with 0.15 M NaCl. The samples were incubated at 370C for 2 h and allowed to stand for 48 h in a refrigerator. The controls were (i) physiological saline plus glycolipid and (ii) normal rabbit serum plus glycolipid. The precipitate was washed three times in chilled 0.15 M NaCl and taken up in 0.5 ml of 0.1 N NaOH. The antibody protein was measured by the method of Lowry et al. (11) .
Preparation of labeled antibody. The globulin fraction of normal rabbit serum was precipitated with 45% (NH4)2SO4. Further purification was achieved by chromatography on DEAE-cellulose. The eluate was concentrated by negative-pressure dialysis to 10 mg of protein per ml, and the purity was tested by immunoelectrophoresis against whole goat anti-rabbit serum. The purified IgG was insolubilized by the method of Avrameas and Thernynck (1). The insolubilized IgG was used for the isolation of anti-IgG antibodies from donkey anti-rabbit gamma globulin serum. This fraction was further conjugated to peroxidase (type VI, Sigma Chemical Co., St. Louis, Mo.) by the method of Wilson and Nakane (17) .
ELISA procedure. The glycolipid was passively adsorbed to polystyrene disposable tubes (LKB, m, Sweden). Before adsorption, the glycolipid was subjected to dialysis (3 days at 4°C) against 0.2 M EDTA (pH 7.0) and treated with 0.2% sodium deoxycholate in 0.05 M diethanolamine buffer (pH 9.6) for 15 min at 56°C. A 1-ml sample of this solution was placed in each of the polystyrene tubes. The concentration was 1,000 ng/ml. Incubation took place at 37°C for 2 h, followed by overnight incubation at 4°C. The tubes were washed three times with phosphate-buffered saline (PBS) containing 0.05% Tween 20 (PBS-T).
In the second step, 1 ml of suitably diluted antiserum was added to the insolubilized antigen in the tubes. Binding of antibodies occurred at 37°C for 2 h. After being washed as before, 1 ml of the donkey antirabbit IgG peroxidase conjugate (diluted 1:2,000 in PBS-T containing 4% bovine serum albumin) was added. The incubation was carried out at 37°C for 2 h. The conjugate attached to the antigen-antibody complex was developed by using 1 Inhibition of ELISA. A 1:100 dilution of S. minnesota Re antiserum in PBS-T was mixed with an equal volume of the glycolipid solution (concentrations ranging from 2 x 105 to 2 x 10-l ng/ml). After 2 h of incubation at 37°C and overnight incubation at 4°C, the supernatant was collected by centrifugation at 4,500 rpm for 20 min, and the ELISA was performed for the titration of antibodies. The degree of inhibition of the enzyme reaction was calculated from the ratio of the absorbance measured in the presence of glycolipid giving 50% inhibition to that of the serum sample not preincubated with antigen.
RESULTS
The initial experiments were performed with intact DE-GL. It was found that in the presence of 0.1 M carbonate buffer (pH 9.6), a diluent routinely employed in ELISAs, the extinction values increased continuously with the glycolipid concentration. A similar tendency was noted when binding to the insoluble support occurred in the presence of triethylamine. Adsorption of DE-GL previously dialyzed against EDTA, glycolipid complexed to methylated bovine serum albumin, and the use of de-O-acetylated glycolipid turned out to be unsuccessful also. It was then decided to try a different approach. To this end, the glycolipid antigen was exhaustively dialyzed against 0.2 M EDTA (pH 7.0) and was subsequently exposed to 0.2% sodium deoxycholate in diethanolamine buffer (pH 9.6) (see above). The amount of antigen needed to achieve optimal sensitization was ascertained by using concentrations ranging from 1 to 105 ng/ ml. In this case, extinction values paralled the concentration of glycolipid added, peak values being reached at 1,000 ng/ml. Further increases in concentration resulted in reduced adsorption (Fig. 1) .
In some experiments, 0.05 M Tris-hydrochloride (pH 9.0) was used as a coating buffer; closely similar results were obtained. The effect of various time intervals on the extent of adsorption was also checked. Attachment of antibodies to the immobilized glycolipid was allowed to proceed from 2 to .6 h at 37°C, followed by overnight incubation at 4°C. The degree of binding rose at longer incubation times. Incubation for 2 h at 37°C and for 18 h at 4°C seemed especially well suited, since the whole procedure could be completed within 1 day. It should be pointed out that the tubes with insolubilized antigen kept at low temperatures retained the original antibody binding capacity for at least 4 weeks, providing an additional advantage in the mass screening of glycolipid antisera.
In the second step, glycolipid antiserum which had been diluted in PBS-T (dilutions varying from 1:50 to 1:3,200) was added to the precoated tubes. An appreciable reaction between the antibody and the immobilized antigen was noticed even at dilutions as high as 1:1,600. The relationship between the antiserum dilution and the optical density is shown in Fig. 2 . The intensity of the reaction was higher at lower dilutions; peak values were reached at a 1:50 dilution (optical density, 0.163). Since the color development did not significantly differ from 2 to 6 h of incubation with antiserum, binding of glycolipid antibodies was allowed to proceed for 2 h.
The addition of normal rabbit serum at a 1:200 dilution gave consistently very low extinction values, which attests to the high specificity of ELISA. It should be stressed that glycolipiduncoated polystyrene tubes bound neither glycolipid antibodies nor normal rabbit IgG.
In passive hemagglutination, the S. minnesota Re antiserum yielded titers of 1:16 to 1:32. The concentration of glycolipid antibodies could be precisely measured by quantitative precipitation. It proved to be 4 x 105 ng of antibody protein per ml. Based on these data, it could be readily calculated that ELISA allowed the detection of at least 250 ng of S. minnesota Re IgG antibody. Thus, ELISA seems to offer advantages over quantitative precipitation in the detection of IgG antibodies.
The antigen-antibody complex was visualized by the addition of donkey anti-rabbit IgG peroxidase conjugate. The enzyme conjugate was used at dilutions ranging from 1:500 to 1:8,000. The binding of the conjugate by the immune complex is shown in Fig. 3 . A quite intense reaction took place upon dilution of the peroxidase conjugate to 1:4,000. The extinction values nearly doubled upon decreasing the conjugate dilution twofold. In conclusion, our data provide evidence that ELISA holds special promise for the detection of IgG antibodies to core glycolipid determinants and permits their accurate determination. Further experiments will be directed to elucidating the relationship between the level of IgG antibodies to core glycolipid determinants and protection from gram-negative infections.
